The NMR solution structure of the 51 residue pheromone Er-23 from the ciliated protozoan Euplotes raikovi (Er) was calculated with the torsion angle dynamics program DYANA from 582 nuclear Overhauser enhancement (NOE) upper limit distance constraints, 46 dihedral angle constraints and 30 disul®de bond constraints. The disul®de bridges had not been assigned by chemical methods, and initially were assigned tentatively on the basis of inspection of the positioning of the Cys sulfhydryl groups in a bundle of 20 conformers that was calculated without disul®de bond constraints. The assignment of disul®de bridges was then validated by structure calculations that assessed the compatibility of plausible alternative Cys-Cys disul®de combinations with the input of NOE upper distance constraints and dihedral angle constraints. For a group of 20 conformers used to characterize the solution structure, the average pairwise root-mean-square distances from the mean coordinates calculated for the backbone heavy atoms N, C a and C H of resideus 1-51 is 0.38 A Ê . The molecular architecture consists of a three-dimensional arrangement of ®ve helices comprised of residues 2-8, 14-17, 26-29, 34-36 and 38-47, with ®ve disul®de bridges in the positions 3-24, 6-16, 13-47, 27-40, and 35-51, which has so far not been represented in the Protein Data Bank. Er-23 is unique among presently known Er-pheromones with respect to size, sequence, the number of disul®de bonds and the three-dimensional structure, thus providing a new structural basis for rationalizing the physiological functions of this protein family.
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Single-cell eukaryotes such as the protozoan ciliate Euplotes raikovi have evolved a signaling system involving small disul®de-rich proteins (``pheromones'') that represent a simple predecessor of the more sophisticated regulatory mechanisms in multicellular species. 1 The E. raikovi cell-signaling system thus represents an attractive paradigm for investigating the structural basis of``self'' and`n on-self'' recognition processes that elicit different cellular responses. As a basis for such studies, NMR structures of the pheromones Er-1, 2 Er-2, 3 Er-10, 4 Er-11 5 and Er-22, 6 as well as an X-ray crystal structure of Er-1 7 have been determined. Er-1, Er-2, Er-10 and Er-11 are all members of the PR group of pheromones, originating from the PR strains of E. raikovi. 8 They share a common architecture, with small local structure variations that confer speci®city in receptor association 9 without interfering with the ability to compete for each other's cell receptors in homologous (autocrine) reactions for cell-growth stimulation, and in heterologous (paracrine) reactions for mating induction (e.g. see Ortenzi et al. 10 ). Er-22 belongs to the GA group of E. raikovi pheromones, 8 and its different group speci®city has been tentatively attributed to a, so far, unique arrangement of the C-terminal polypeptide segment of residues 31 to 37. 6 Here, we describe the NMR structure of Er-23, which is another GA group pheromone of E. raikovi. The sequence of Er-23 has a length of 51 amino acid residues, including ten cysteine residues, 11 whereas all other known E. raikovi pheromones have 37 to 40 residues with six cysteine residues. 5 We describe the three-dimensional structure determination of Er-23 by homonuclear 1 H NMR, which includes the identi®cation of the ®ve disul®de bonds, since these are not available from chemical studies.
NMR spectroscopy and resonance assignments
A section from the ®ngerprint region of a [ 1 H, 1 H] two quantum ®lter correlation spectroscopy (2QF-COSY) spectrum in Figure 1 illustrates the high quality of the NMR data obtained for this small protein. Sequence-speci®c 1 H resonance assignments were obtained using sequential nuclear Overhauser enhancements (NOEs) and 1 H-1 H scalar couplings. 12 ± 14 The two prolyl residues in Er-23 ( Figure 2 ) were found to be in the 1 H NMR spectra used for the sequential resonance assignment were obtained on a Bruker AMX 600 spectrometer in pure phase absorption mode using the States-TPPI method. 33 These included 2QF-COSY, 34 clean total correlation spectroscopy (TOCSY) 35 25 CANDID/DYANA performs automated assignment and distance calibration of NOE intensities, removal of``meaningless'' distance constraints, structure calculation with torsion angle dynamics, and automatic NOE upper distance limit violation analysis. Peak lists of the two aforementioned NOESY spectra were generated by interactive peak picking with the program XEASY 41 and automatic integration of the peak volumes with the program SPSCAN (Ralf Glaser, personal communication). The input for CANDID/DYANA contained these peaks lists, a chemical shift list, and dihedral angle constraints for the backbone angles f and c that were derived from 13 C a shifts. 42 The CANDID/DYANA calculation consisted of seven cycles of iterative NOE assignment and structure calculation. During the ®rst six CANDID cycles, ambiguous distance constraints 43 were used. For the ®nal structure calculation, only those NOE distance constraints were retained that corresponded to unambiguously assigned NOE cross-peaks after the sixth cycle of calculation. Stereospeci®c assignments were identi®ed by comparison of upper distance limits with the structure resulting from the sixth CANDID cyc1e. 44 The 20 conformers with the lowest ®nal DYANA target function values were energy-minimized in a water shell with the program OPALp, 45, 46 using the AMBER force-®eld. 47 The program MOLMOL 48 was used to analyze the resulting 20 energyminimized conformers (Table 2 ) and to prepare drawings of the structures. 14 indicate two regular a-helices from residues 2-8 and 38-47 ( Figure 2 ). The formation of additional, short a-helical structures is indicated for the residues 14-17 and 26-29, and a succession of a d aN (i,i 2) NOE connectivities indicates a 3 10 -helix for the residues 34-36 16 ( Figure 2 ). The helical structures are independently indicated by small 3 J HNa coupling constants 14, 17 and by the 13 C a shifts 18 (data not shown). For the helices a2 and a3, the patterns of NOEs ( Figure 2 ) are incomplete, indicating deviations from regular secondary structure. Distortion of regular secondary structure elements is a characteristic trait of`s mall disul®de-rich'' proteins, 19 and has been described also for other E. raikovi pheromones. 
Identification of the disulfide bonds
Standard biochemical identi®cation of the disul®de bonds based on proteolytic digestion of the protein, isolation of the resulting peptide fragments and identi®cation of their amino acid composition and/or masses 21 could not be applied with Er-23, since its amino acid sequence is devoid of basic residues and thus could not be cleaved by the commonly used enzymes thrombin and trypsin. Lack of suitable cleavage products containing single disul®de bonds as well as undesired side-reactions, such as disul®de rearrangements 22, 23 may quite generally impede chemical identi®cation of disul®de bonds in disul®de-rich proteins with sequential clustering of two or several cysteine residues. Disul®de bond identi®cation in the three-dimensional structure, either with NMR following the strategy proposed by Klaus et al., 24 or by crystallographic methods is therefore still of considerable practical interest, as illustrated in the following with Er-23.
The NMR spectra of Er-23 contained only one set of resonances, showing that only one of the many possible disul®de combinations occurs in the native protein. This isomer was identi®ed as follows. At the outset of the structure calculation, NOE cross-peak assignments were generated using the automatic NOE assignment module CANDID (T. Herrmann, P. Gu È ntert & K.W., unpublished) implemented in the program DYANA, 25 and were then con®rmed by visual inspection of the NMR spectra. A total of 884 NOESY cross-peaks were assigned and integrated in two 750 MHz 2D [ 1 (Figure 2 ), and the 13 C a chemical shifts yielded 46 constraints on dihedral angles f and c. Since the disul®de bridges had not been identi®ed by chemical methods and were thus unknown at the outset of the NMR structure determination, calculation and optimization of the structure was initially performed with the aforementioned input of NOE distance constraints and dihedral angle constraints. This resulted in the bundle of DYANA conformers shown in Figure 3(a) . Based on inspection of the positioning 14, 16 are indicated by lines connecting the two related residues.
of the Cys sulfhydryl groups in this three-dimensional structure, the disul®de bridges 3-24, 13-47 and 27-40 were assigned (Figure 3(b) ), which are supported by NOE cross-peaks between the C b H atoms of the linked Cys residues. 24 Although no NOEs between the b-protons could be identi®ed, the three-dimensional structure illustrated in Figure 3 (a) indicates that Cys51 could be paired only with Cys35 (Figure 3(b) ). This implies that the remaining disul®de is formed between Cys6 and Cys16, although no H b -H b NOEs were observed. Some ambiguity was left at this point because H b -H b NOEs were observed between Cys16 and Cys24.
The assignment of the ensemble of all ®ve disul®de bridges 3-24, 6-16, 13-47, 27-40 and 35-51 was further validated by comparative structure calculations with plausible alternative Cys-Cys disul®de combinations, where each disul®de bond was enforced by the standard three upper and three lower distance constraints. 26 In all these calculations, the disul®de bond constraints were added to the aforementioned input of 596 NOE upper limit distance constraints and 46 dihedral angle constraints. The results are collected in Table 1 , which shows that the structure calculation with the disul®de constraints of Figure 3 (b) converged with only a very slight increase of the residual DYANA target function value when compared to the calculation without disul®de bond constraints (Figure 3(a) (ii) It includes the Cys(i)-Cys(i 3) disul®de bond 24-27; statistical analysis of protein structures shows that this is a very unlikely sequential spacing for disul®de-bonded cysteine residues, except for redox-active groups in the active center of thioredoxins and glutaredoxins. 27, 28 (iii) Statistical analysis of the distribution of C b -C b distances 24 for all possible Cys pairs in the structure calculated without disul®de bond constraints (Table 1) shows that the C b -C b distance 3-40 in this disul®de combination has a lower probability than all disul®de bonds in Figure 3(b) . Figure 2) is indicated by magenta coloring, the segments with non-regular secondary structure are cyan.
The NMR structure of the pheromone Er-23 represents a new protein fold
Using the disul®de bridge assignments of Figure 3 (b), a ®nal structure calculation was performed with these ®ve disul®de bridges enforced by 15 upper and 15 lower distance constraints. 26 The CANDID module for automatic NOE assignment then yielded identi®cations for 882 NOES, i.e. a set virtually identical with that obtained without consideration of the disul®de bond constraints. Among the resulting 582``meaningful'' NOE upper limit distance constraints, 75 constraints from the calculation without disul®de bonds had been replaced by 61 new NOE constraints. Stereospeci®c assignments were obtained for 27 diastereotopic pairs of methylene protons and isopropyl methyl groups. Inclusion of the disul®de bridge constraints resulted in somewhat improved precision when compared with the calculation without disul®de bonds (Figures 3(a) and 4(a) ; Table 2 ), and the ®nal result of the structure calculation is consistent with the H b -H b NOEs observed between Cys16 and Cys24 (see the preceding section; it has been pointed out by Klaus et al. 24 that such NOEs between non-bonded cysteine residues occur with ®nite probability, which emphasizes the need for a global approach to disul®de bond identi®cation by NMR techniques). Figure 4 affords a visual impression of the ®nal result of the Er-23 structure determination. The atom coordinates have been deposited in the protein data bank (PDB ID code 1HA8).
In the Er-23 structure, the three helices of residues 2-8 (a-helix 1), 14-17 (a-helix 2) and 38-47 (ahelix 4) are arranged in antiparallel fashion (Figure 4(a) ). The helices 2 and 4 are connected by a polypeptide segment that comprises a short ahelix (a3, with residues 26-29) and a 3 10 -helix with residues 34-36 (Figure 4(a) ). The up-down-up topology of helices 1, 2 and 4 is stabilized by three disul®de bridges: Cys6 and Cys3 in the ®rst helix form disul®de bonds with Cys16 in helix 2 and Cys24 in the loop following helix 2, respectively, and Cys13 in the loop between the ®rst and second helices is linked to Cys47 at the end of helix a4 (Figure 3(b) ). The disul®de bond Cys27-Cys40 connects helices a3 and a4. Helix a3 is¯anked by extended turns containing two trans-Pro residues at positions 23 and 32. The disul®de bridge between Cys35 in the 3 10 -helix and the C-terminal Cys51 ties the C-terminal polypeptide segment down to the globular core of the protein (Figures 3(b) and 4(b) ). A well-de®ned hydrophobic core is formed by residues Phe7, Phe17, Ala25, Leu28, Phe43 and Leu44, and the residues forming disul®de bridges 3-24, 6-16 and 27-40 ( Figure 4(b) ). The average percentage of solventaccessible surface is below or equal to 10 % for all core residues, except Phe7 and Phe17, which have an average percentage of solvent-accessible surface of 20 %.
In a search for structural similarity between Er-23 and other previously investigated proteins, the distance matrix algorithm implemented in the program DALI (version 2.0) 29 revealed no signi®cant similarity with any of the previous deposits in the Protein Data Bank, indicating that Er-23 represents a new protein fold. The input consisted of the 596 NOE upper distance constraints and 46 dihedral angle constraints used for the calculation of the structure in Figure 3(a) , which is represented by the ®rst row of this Table. In addition, each of the disul®de bonds listed in the ®rst column was enforced by the standard three upper and three lower distance constraints. 26 Each calculation was started with 100 randomized structures. c RMSD values relative to the mean coordinates.
NMR structure comparison of Er-23 with other E. raikovi pheromones
The three-dimensional structure of the 51 residue GA group pheromone Er-23 with ®ve helices and ®ve disul®de bonds differs markedly from all other presently known E. raikovi pheromones, which all share a common fold. 5 Some similarity with the shorter three-disul®de Er pheromones of the molecular topology of Er-23 is indicated by the fact that helices a1, a2 and a4 are arranged in an up-down-up fashion ( Figure 5 ). Taking Er-22 to represent the short pheromones, one ®nds that helix 2 in Er-23 is shorter by one turn, and that an additional polypeptide segment is incorporated between a2 and the C-terminal helix. With more than three turns, the C-terminal helices in both Er-22 and Er-23 are the longest helices ( Figure 5 ). However, whereas in Er-22 the C-terminal helix, a3 is rotated counterclockwise by approximately 30 with respect to the helix axis of a1, in Er-23, a4 is rotated clockwise by approximately 60 . A common feature of all Er pheromones is that, although they are a-helical proteins, protein secondary structure prediction suggests exclusively the presence of non-regular and b-sheet secondary structure. For example, using the program GOR IV, 30 all four a-helical polypeptide segments in Er-23 are predicted to form b-sheet secondary structure. It seems, therefore, that the a-helical secondary structure is enforced and stabilized by the high density of disul®de bonds in these``small disul®de-rich'' proteins. 19 Three of the ®ve disul®de bonds in Er-23 would thus stabilize the up-downup arrangement of the three helices a1, a2 and a4, and the three-helix bundle topology in Er-22 would also be enforced by three disul®de bonds ( Figure 5 ). It is then interesting to observe that the apparent stabilization of helical structures is achieved with quite different topologies of the disul®de bond arrangement in the two proteins. For example, the disul®de bond between helices 1 and 2, i.e. Cys6-Cys16 in Er-23 and Cys3-Cys18 in Er-22, is oriented differently in the tertiary structure ( Figure 5 ). Although the disul®des 13-47 in Er-23 and 10-32 in Er-22 are on the same side of the three-helix bundle, they connect different secondary structure elements, i.e. Cys47 in Er-23 is located within the C-terminal helix, whereas Cys32 in Er-22 is part of the¯exible C-terminal tail of this protein. Finally, the disul®des 3-24 in Er-23 and 15-24 in Er-22 connect different secondary structure elements and are oriented differently in the tertiary structures ( Figure 5 ).
Implications for the molecular mechanisms of Er pheromone functions
In mature cells, binding of a heterologous pheromone is an initial step in the process of cellular conjugation. 1 Since homologous and heterologous pheromones compete for the same receptors with essentially identical af®nities, 31 there is a quite obvious requirement for conserved structural features in the different pheromones, which would enable recognition by the same receptor. However, since homologous pheromone binding in mature cells does not lead to consummation of conjugation, there must also be subtle structural differences between different individual pheromones. In the absence of detailed knowledge about the mechanism of pheromone action, a structural basis has been investigated tentatively on the basis of the closely similar three-dimensional structures of a variety of``short'' pheromones. 7, 9 The biological signi®cance of the present work lies in the observation that there is a new pheromone with major global architectural differences from all other Erpheromones, which nonetheless participates in cellcell signaling with cells expressing the short GA group pheromone Er-20. 8, 11, 32 This implies that the previous attempts at rationalizing apparent structure-function correlations in Er-pheromones will need to be re-evaluated critically. The expanded range of structural motifs including the, so far, unique Er-23 can then serve as a new platform for investigations of the mode of action of these pheromones.
